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1Room-temperature pulsed operation of an electrically injected InGaN/GaN
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We demonstrate room-temperature pulsed operation of an electrically injected InGaN/GaN-based
distributed feedback laser with an emission wavelength of 403 nm. The threshold current of a
1000-mm-long and 20-mm-wide device was 3.2 A; corresponding to a threshold current density of
16 kA/cm2. The 3rd order grating providing feedback was defined holographically and dry etched
into the upper waveguiding layer by chemically assisted ion beam etching. We observed single
mode operation of the laser with a side mode suppression ratio of 15 dB over a temperature range
of about 30 K.The development of an electrically pumped laser emit-
ting light around 400 nm has experienced tremendous
progress during the past couple of years. Under the lead of
Nakamura et al. both pulsed and continuous wave operation
of InGaN/GaN based devices have been demonstrated at
room temperature.1–4 One of the main concerns in nitride
lasers is the fabrication of high quality mirrors. While the
lattice misorientation to sapphire substrates makes cleaved
facet devices difficult to realize, sawing and subsequent pol-
ishing of the laser mirrors is a very time-consuming process.
Dry-etched mirrors with high reflective coatings seem to
work well in this material system.5 However, when growing
on sapphire substrates, these etched mirrors are typically not
at the edge of the substrate. Thus, usually a certain fraction
of the optical mode gets diffracted into or reflected from the
sapphire surface, leading to an asymmetric far field with
multiple emission lobes in the vertical direction.1,6 The use
of distributed feedback for providing optical cavity forma-
tion could partly eliminate some of the mirror issues because
no optical quality mirrors are required to achieve lasing ac-
tion. Moreover, the longitudinal mode structure, which, due
to the close mode spacing in these devices, is very competi-
tive and noisy, could be markedly improved by using the
distributed feedback ~DFB! mechanism for mode selection.
This idea has already been explored to some extent by the
fabrication of optically pumped DFB lasers. Very narrow
linewidths, locking of the emission wavelength to the grating
resonance wavelength, and operation even at the absence of
cavity mirrors have been reported for such optically pumped
devices.7,8
In this article, we demonstrate the fabrication of an elec-
trically injected InGaN/GaN-based DFB laser with a holo-
graphically defined 3rd order grating. When compared to
normal Fabry–Perot devices fabricated from the same mate-
rial, we observe a comparable threshold current density,
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Beaverton, Oregon 97075-0428.single mode behavior with a higher side mode suppression
ratio, and a modehop-free tuning over a temperature range of
more than 30 K. This guarantees a reduced temperature sen-
sitivity of the lasing wavelength relative to Fabry–Perot la-
sers.
The fabrication of these devices relied on growing a 4-
mm-thick n-type GaN:Si layer on C-face sapphire. On top of
this layer, we grew a 500-nm-thick, n-doped Al0.08Ga0.92N:Si
lower cladding layer, a 100-nm-thick n-doped GaN:Si lower
waveguiding layer, a 30-nm-thick undoped active region
with five 3-nm-thick In0.15Ga0.85N quantum wells and 7-nm-
thick GaN barriers, and a 180-nm-thick p-doped GaN:Mg
upper waveguiding layer. The 3rd order grating with a period
of 240 nm was then defined by a holographic exposure and
dry etched into the upper waveguiding layer by chemically
assisted ion beam etching. The grating depth was nearly 100
nm, which results in a high coupling coefficient of 100 cm21
for a rectangular grating. However, since the tooth shape of
the grating was not perfectly rectangular, the coupling coef-
ficient was reduced to the order of 5–10 cm21. For a cavity
length of 1000 mm, this coupling strength would roughly
translate into an effective reflectance of 15%–30%. Figure 1
shows an atomic force microscopy ~AFM! surface scan of
the grating before regrowth. A root mean square ~rms! sur-
face roughness of around 3–5 nm was observed; this is com-
parable to the rms roughness of the as-grown surface. After
grating fabrication, we performed optical pumping experi-
ments in order to confirm the matching between the grating
resonance wavelength and the gain peak. Then, we pro-
FIG. 1. AFM surface scan of a 3rd order diffraction grating in GaN before
over growing the upper cladding and the contact layer.
2ceeded with an epitaxial regrowth to complete the device
structure. This regrowth consisted of a 300-nm-thick p-
doped Al0.08Ga0.92N:Mg upper cladding layer and a 100-nm-
thick p-type GaN:Mg contact layer. Cross-sectional trans-
mission electron microscope studies of the overgrown
grating showed that no additional dislocations were created
at the interface between the grooved GaN waveguide layer
and the upper AlGaN cladding layer. This observation is in
sharp contrast to InGaAsP/InP-based infrared DFB lasers,
where the grooved interface serves as starting point for nu-
merous dislocations.9
Device processing involved the definition of mesas to
enable lateral n type contacting of the devices, and evapora-
tion of standard n- and p-metal Ti/Au layers. The p-metal
contact stripes were 4, 10, or 20 mm wide, and thus defined
the width of the gain region. A SiON layer was used to
electrically isolate the noncontacted areas and the sidewalls
of the mesas, thereby restricting gain to within a narrow
stripe in the lateral direction. Following the SiON window
etch, we evaporated another Ti/Au layer in order to provide
the p-metal contact pads for the probe. Finally the mirrors
were etched, again by chemically assisted ion beam etching.
In order to ensure that these lasers would not accidentally
oscillate as Fabry–Perot lasers, we dry etched only one of
the facets exactly vertical while leaving the other one at an
angle of approximately 20° to the vertical. As a result of this
fabrication procedure, we obtained gain guided DFB lasers
with cavity lengths of up to 1000 mm and stripe widths of 4,
10, and 20 mm.
Measurements of the current–voltage (I – V) and light
output-current (L – I) characteristics were carried out under
pulsed current conditions ~500 ns pulse length, 0.05% duty
cycle! at room temperature. The lasers were probe contacted
and tested on chip. At 1 mA forward current, the I – V curve
typically exhibited a ‘‘turn on voltage’’ of 3.3 V, and for a
1031000 mm2 contact region, we observed a series resis-
tance of 10 V. As shown in the L – I curves of Fig. 2, we
obtained, for the longest devices with 10 mm stripe width,
pulsed threshold currents of 1550 mA at 3 °C and 2050 mA
at 33 °C. From these measurements, we determine the T0
value to be approximately 100 K. A value of T05150 K was
found for Fabry–Perot type lasers fabricated from the same
FIG. 2. L – I characteristics of an InGaN/GaN DFB laser with an active area
of 1031000 mm2 at four different heat-sink temperatures.material. The stronger temperature dependence of the DFB
laser’s threshold current can be explained by the different
T-tuning coefficients of the gain peak and the grating reso-
nance peak, which, at elevated temperatures, lead to an in-
creasing mismatch between the maximal reflectance peak of
the grating and the gain maximum.
The best threshold currents were obtained on lasers with
20 mm stripe width and 1000 mm cavity length. Values of
3200 mA for 20 mm-wide devices were observed, corre-
sponding to threshold current densities of 16 kA/cm2. For
shorter ~500 mm long! devices with 20 mm stripe width, we
measured higher threshold currents of 4600 mA ~threshold
current density of 23 kA/cm2!. For the best devices, typical
threshold voltages of V(I th)516 V were seen.
High-resolution spectra of these lasers were measured
using a grating spectrometer with a resolution of 0.5 Å
~SPEX, d focal51.26 m, wslit550mm).The laser output was
focused on to a quartz fiber using a microscope objective,
and fed into the input slit of the spectrometer. By placing a
1024 element array photodetector into the output image
plane, we were able to measure the spectrum in a spectral
window of 10 nm width within 1 sec.
In Fig. 3, we show high-resolution emission spectra at
various current levels ranging from 1.013I th to 1.283I th .
While there is only one clean peak with a resolution limited
width of 0.5 Å for lower injection currents, there appear to
be multiple peaks with an overall width of 5 Å at higher
injection levels. The fact that all additional features occurred
at the long wavelength side of the main peak suggests that
chirping due to device heating during the current pulse could
be responsible for this kind of broadening. From the spectral
broadening at higher injection currents and the temperature
tuning coefficient derived in the following paragraph, we
were able to estimate the temperature increase during the
pulse to be on the order of 20–30 K. Another possible reason
for the spectral broadening at higher current levels is the
onset of lasing in higher order lateral modes in these gain-
guided structures. This explanation is supported by the fact
that the L – I curves show several kinks.
Emission spectra of a 1000-mm-long DFB laser at four
different heat-sink temperatures are shown in Fig. 4; they
FIG. 3. Emission spectra of an InGaN/GaN DFB laser at four different
injection current levels ranging from 1.013I th to 1.283I th . All curves are
drawn using the same vertical scale.
3reveal laser oscillation in a single longitudinal mode with a
side mode suppression ratio of 15 dB and at a center wave-
length of around 403 nm. Given the grating period of 240 nm
and the above emission wavelength, we were able to calcu-
late the effective refractive index of the propagating mode to
be neff52.52. In order to maintain narrow emission spectra
for this measurement, we adjusted the injection current to
always be at 1.13I th . The device remained in a single mode
for temperatures ranging from 2 to 35 °C, which is a tem-
perature range of more than 30 K; the temperature tuning
coefficient was on the order of 0.014 nm/K. For Fabry–Perot
type lasers fabricated on the same wafer, we measured a
much larger average temperature tuning coefficient of 0.065
nm/K.
The far field of the DFB lasers reported in this article
exhibits the usual interference effects due to the reflection
from and the diffraction into the sapphire substrate. How-
ever, in the lateral direction, we observed a far field angle of
approximately 10° above threshold, and a broad Lambertian
characteristics below threshold. On Fabry–Perot lasers from
similar material, we polished one mirror facet in order to get
a far field measurement without the diffraction and refraction
artifacts. Due to the insufficiently thick Al/GaN lower clad-
ding layer, the result of this measurement was very similar to
what we reported earlier on optically pumped lasers.6 It re-
vealed two main emission lobes in the vertical direction and
a number of weaker oscillations in between.
FIG. 4. Emission spectra of the same device as in Fig. 3 at 1.13I th and at
different heat-sink temperatures. The temperature tuning coefficient ob-
tained was 0.14 Å/K.In conclusion, we have demonstrated an electrically in-
jected InGaN/GaN-based DFB laser. The best threshold cur-
rent density observed was comparable to that of conventional
Fabry–Perot type devices, and was on the order of 16
kA/cm2. The T0 value describing the T dependence of the
threshold current was approximately 100 K. The reason for
the much better T0 value measured on Fabry–Perot devices
fabricated from the same material (T05150 K! is the in-
creasing mismatch between the grating resonance wave-
length and the gain maximum when heating or cooling the
DFB lasers. The emission of the DFB laser was at a wave-
length of 403 nm and occurred in a single longitudinal mode
with a side mode suppression ratio of 15 dB. The primary
emission peak could be temperature tuned continuously be-
tween 2 and 35 °C at a rate of 0.14 Å/K.
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